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We report a measurement of the inclusive muon andb-quark production cross sections inpp̄
collisions at

p
s  1.8 TeV using the D0 detector at the Fermilab Tevatron collider. The inclusive

muon spectrum extends over the kinematic rangej ymj , 0.8 and 3.5 , p
m
T , 60 GeVyc, and is well

described by the expected contributions from various known sources. Theb-quark production cross
section for j yb j , 1.0 and pb

T . 6 GeVyc is extracted, and agrees with next-to-leading order QCD
predictions within the experimental and theoretical uncertainties.

PACS numbers: 14.65.Fy, 12.38.Qk, 13.85.Ni, 13.85.Qk
]

te-

3549
The study of b-quark production in high energy
hadronic collisions is important for testing the perturba
tive QCD description of heavy quark production [1,2
The cross section forb-quark production measured a
p

s  0.63 TeV by UA1 [3] is in agreement with the
next-to-leading order (NLO) theoretical predictions [1
-
].
t

].

However, the Collider Detector at Fermilab (CDF) [4
published data at

p
s  1.8 TeV are generally higher than

these predictions.
We have measured the inclusive muon andb-quark pro-

duction cross sections inpp collisions at
p

s  1.8 TeV,
using the D0 detector [5]. The data correspond to an in
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grated luminosity
R

L dt  73.3 6 8.8 nb21 taken during
the 1992–93 Fermilab Tevatron collider run.

The D0 central muon system consists of ten planes
proportional drift tubes arranged in three layers outsid
the calorimeter of, respectively, 4, 3, and 3 planes. Ma
netized steel toroids between the first and second lay
provide additional hadron filtering and muon momentum
measurement. Typical drift tube resolution in the ben
plane is 0.8 mm. The muon momentum resolution wa
measured usingJyc ! mm and Z ! mm data and pa-
rametrized asss1ypdys1ypd  0.18 sp 2 2dyp © 0.008p,
with p in GeVyc and the two terms added in quadrature

The data sample was obtained by filtering the intera
tions through a multilevel trigger. The hardware muo
trigger [6] required hits in the muon chambers to li
within 60 cm wide roads in the bend plane pointing to th
interaction region. A subsequent software trigger requir
at least one reconstructed muon track with transverse m
mentum p

m
T . 3 GeVyc. The events were fully recon-

structed off line and retained for further analysis if the
contained at least one muon track with rapidityj ymj , 0.8
and p

m
T . 3.5 GeVyc. Candidate muons had to depos

.1 GeVyc of energy in the calorimeter; the mean energ
loss for a single muon is about 2.5 GeV. A match wa
required with a good track in the central tracking detect
pointing back to the primary interaction vertex. To ensu
the best possible muon momentum measurement, o
tracks with hits in all three muon layers were selecte
with a traversed field integral in the toroids$2 T m, re-
ducing hadronic punchthrough to less than 0.5%. T
minimize cosmic ray background, the reconstructed tim
of passage (t0) through the muon chambers had to b
within 100 ns of the beam crossing. A total of 15 99
muons passed all selections.

Possible sources of backgrounds to muons from hea
flavor decays consist of cosmic rays, muons from Dre
Yan and promptJyc decays, and frompyK and WyZ
decays. The residual cosmic ray contamination w
estimated from the observedt0 distribution to be (9 6

3)%, almost independent ofp
m
T , and was subtracted from

the data. Muons from Drell-Yan andJyc decays were
estimated to contribute less than 2% of the data.

The efficiency for the trigger and muon reconstruction
including the geometrical acceptance, was determined w
simulated events, and was found to agree closely with
analysis of cosmic ray muons. The trigger and reco
struction efficiency was0.56 6 0.05 for p

m
T $ 6 GeVyc.

The efficiency for a triggered and reconstructed track
pass each off-line selection criterion was measured us
Jyc ! mm data. Using one muon to tag the presence
the other, the total off-line selection efficiency was foun
to be0.50 6 0.03 per muon, independent ofpT . The over-
all detection efficiency (e) was averaged overym and pa-
rametrized as a function ofp

m
T ; it rises from0.06 6 0.01 at

p
m
T  3.5 GeVyc to 0.28 6 0.03 for p

m
T $ 6 GeVyc. The

error is dominated by the uncertainty in the muon chamb
efficiency.
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For the simulation of thebyc-quark, pyK, and WyZ
decays into muons, we used theISAJET [7] Monte Carlo
program. A sample of about 33 000 muon events w
generated within the acceptance, and processed with
complete simulation of detector [8], trigger, and off-line
selections.

The inclusive muon differential cross section, summin
over both charges, and averaged over the muon rapid
rangeDy, was calculated as follows:

dsm

dp
m
T


1

Dy

Z 1Dyy2

2Dyy2
dym d2s

dp
m
T dym


1

Dy
Nm

s
R

L dtde
,

(1)

where Nm is the number of muons per GeVyc passing
all off-line selection cuts, with the cosmic ray backgroun
subtracted. The cross section, per unit ofy, is shown in
Fig. 1 as a function of the measuredp

m
T . The curves are

the expected contributions frompyK and WyZ decays,
folded with the muon momentum resolution. The exce
is to be attributed to heavy flavor decays. The observ
distribution is consistent with a large contribution from
pyK decays at the lowestpT and dominance byWyZ
decays at highpT . This consistency is an important cross
check on the absolute normalization of the data.

The pyK decay spectrum was estimated usingISAJET

dijet events, withE
jet
T . 3 GeV. The charged-hadronpT

distribution fromISAJET was checked against the measure
inclusive spectrum [9], and a15% systematic uncertainty
was assigned to the calculated muon spectrum frompyK
decays. Thep

m
T distributions from WyZ decays were

simulated withISAJET, with cross sections and systemati
errors determined from our data [10]. The estimate
contribution from W decays is in agreement with the
result of a missing transverse energy analysis.

In obtaining theb-quark cross section we restricted ou
analysis to muons in thep

m
T range 4–30 GeVyc. We

estimated and subtracted the expectedWyZ background
sNm

WyZd as indicated above. The remainder is expect
to come mainly fromb- and c-quark decays, with a

FIG. 1. Comparison of the measured inclusive muon cro
section with the expected contributions frompyK and WyZ
decays. The excess is attributed tobyc-quark decays.
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significant background (,25%) from pyK decays only at
low p

m
T . To determine the fraction of muons fromb-quark

decays,fb, we used the transverse momentum of th
muon with respect to the associated jet axissprel

T d. Jets are
reconstructed forE

jet
T . 8 GeV, using a cone algorithm

with radius R  0.7 in pseudorapidity–azimuthal-angle
space. Because the accompanying jets tend to have
ET , only 60% of the muons have a reconstructed je
nearby (DRm,jet , 1). We have verified that this fraction is
consistent with the reconstructed jet fraction in simulate
events, and that all kinematic distributions for muons wit
and without jets are similar. The fractionfb subsequently
extracted from the subset of muons with jets was assum
to hold for the full sample.

The prel
T distributions forb-quark, c-quark, andpyK

decays were modeled withISAJET. The distribution for
b-quark decays includes both direct (b ! m) and sequen-
tial (b ! c ! m) decays, with the appropriate branchin
fractions [11], and closely agrees in shape with the le
ton spectrum measured by the OPAL collaboration [1
at the CERN Large Electron-Positron Collider (LEP).fb

was determined by fitting theb-quark,c-quark, andpyK
prel

T distributions to the data in bins ofp
m
T . For illustra-

tion, Fig. 2(a) shows theprel
T distribution for thep

m
T range

8–30 GeVyc. The errors onfb (.12%) were estimated
by varying the fitted distributions within their errors and
repeating the fits. We cross-checked this determination
fb by subtracting the estimatedWyZ andpyK decay con-
tributions from our data, and using the expected ratio of t
contributions from charm to bottom decays. We used t
cyb ratio from ISAJET and estimated the error onfb from
this method by varying this inputcyb ratio by50%.

The muon cross section for inclusiveb-quark decays
was calculated as follows:

ds
m
b

dp
m
T


1

Dy

sNm 2 N
m

WyZdfbfp

s
R

L dtde
, (2)

wherefb was determined from theprel
T technique, andfp

is a correction factor that accounts for the smearing d
to the muon momentum resolution. To determinefp as a
function of p

m
T an unfolding technique [13] was applied

fp varies from 1 at lowp
m
T to .0.7 at p

m
T  20 GeVyc.

The uncertainty offp (.6%) was estimated by varying
the resolution function within its errors.

The spectrum shown in Fig. 3(a), with systematic e
rors of .21%, is extracted without assumptions concern
ing heavy flavor production cross sections, and represe
our experimental result. The theoretical expectation w
calculated usingISAJET for b-quark production, fragmen-
tation, and decay, with the cross section normalized to t
NLO QCD calculation [1]. The predictedb-quark pro-
duction cross section fromISAJET, including higher-order
processes, and using CTEQ 2L parton distributions [14
has apT shape similar to the NLO calculation with MRS
D0 parton distributions [15], but is larger by almost a fac
tor 2. We used the Peterson fragmentation function wi
e

low
t

d
h

ed

g
p-
2]

of

he
he

ue

:

r-
-
nts
as

he

],

-
th

FIG. 2. (a)prel
T distribution for the subset of muons associate

with jets in the p
m
T range 8–30 GeVyc and for j ymj , 0.8;

(b) fb as a function ofp
m
T . The solid points are from theprel

T

fitting technique and the open circles are from thecyb ratio
method.

eb  0.006 6 0.003 [16] and the average LEP inclusive
branching ratioBsB ! md  0.110 6 0.005 [17].

To extract a b-quark cross section from the muon
spectrum we followed the method used by UA1 [3] an
CDF [4]. The relation between theb-quark cross section
and the experimental muon spectrum is given by

sbspb
T . pmin

T d 
1
2 s

m
b sp

m1
T , p

m2
T d

s
b
MC

s
m
MC

, (3)

wheres
m
b sp

m1
T , p

m2
T d is the muon cross section of Eq. (2

integrated over the intervalp
m1
T , p

m
T , p

m2
T . For each

consecutivep
m
T interval, pmin

T was determined (using
Monte Carlo simulation), such that90% of the muons in
the interval originated fromb quarks with pb

T . pmin
T ,

s
b
MC is the total inclusiveb-quark cross section for

pb
T . pmin

T , and s
m
MC is the cross section for production

of b quarks that decay to muons within thep
m
T interval,

both evaluated withISAJET. The factor1
2 yields the cross

section average forb andb production from our measure-
ment of m1 and m2 data. The ratio of the Monte Carlo
cross sections depends on the shape of thepT spectrum of
the b quark, but not on its absolute normalization. Th
uncertainty due to the assumedpT shape (.12%) was
estimated by replacing the MRS D0 parton distribution
by MRS D- [15], which have a more singular gluon
3551
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FIG. 3. (a) The unfolded muon spectrum for inclusiveb-
quark decays compared to the expected spectrum (see te
(b) b-quark production cross section compared to NLO QCD
predictions (see text). Inner error bars indicate statistic
uncertainties.

distribution. The error oneb, together with1s variations
in B-hadron leptonic branching and decay parameter
lead to an additional13% uncertainty. Together with the
error on the muon cross section, we obtained a systema
uncertainty of.27% on theb-quark cross section.

The resulting cross section forb-quark production as
a function ofpmin

T , for j ybj , 1.0, is shown in Fig. 3(b),
where similar CDF [4] measurements using inclusive lep
tons are shown for comparison. The curves represent t
NLO QCD predictions [1] using MRS D0 parton distri-
bution functions. The QCD mass scaleL

s5d
MS  140 MeV

(MS denotes the modified minimal-subtraction scheme
and the renormalization and factorization scalem  m0

[with m
2
0  m2

b 1 spb
T d2, and mb  4.75 GeVyc2] were

used for the solid curve, and customary variations of the
parameters for the dashed curves:187 MeV andm0y2 (up-
per), and100 MeV and2m0 (lower).

In conclusion, we have presented a measurement of t
inclusive muon andb-quark production cross sections.
The inclusive muon cross section is well described b
the expected contributions from various known source
Within errors, ourb-quark cross section agrees with tha
of CDF [4] for inclusive leptons. Other measurements o
sb by CDF [4] are made at lowpb

T and use different final
states such asJyc or semiexclusiveb ! c decays, which
3552
xt);
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t
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are thus not directly comparable because of theore
cal uncertainties in the fraction ofJyc due tob produc-
tion. Our measurement indicates that, within theoretic
uncertainties, the NLO QCD description [1] of heavy fla
vor production inpp at

p
s  1.8 TeV is adequate for the

kinematic rangej ybj , 1.0 andpb
T . 6 GeVyc.
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